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* Introductory material
- Describe Gkeyll and numerical method

- Collision operator and magnetic pumping
- Field-particle correlations

* Non-relativistic, collisionless transverse shock
- Particle heating
- Entropy production
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The Gkeyll (and Hyde) Framework®

“It is one thing to mortify curiosity, another to conquer it.”

e The Gkeyll framework is flexible suite of solvers for plasma physics
being developed at the Princeton Plasma Physics Lab, UMD, Virginia
Tech, and MIT

e Solvers include a finite volume method for equations written in
conservative form and a discontinuous Galerkin finite element method
for systems of equations which can be written in terms of a Poisson
bracket

* Multiple Vlasov-Maxwell publications already:

P. Cagas, A. Hakim, J. Juno, B. Srinivasan, Continuum kinetic and multi-fluid simulation
of a classical sheath, Phys. Plasmas (2017).

» P.Cagas, A. Hakim, B. Srinivasan, Nonlinear saturation of the Weibel instability, Phys.
Plasmas (2017).

* J.Juno, A. H. Hakim, J. M. TenBarge, B. Dorland, E. L. Shi, Discontinuous Galerkin
algorithms for fully kinetic plasmas. JCP (2018).

e |. Pusztai, J. M. TenBarge, A. N. Csapo, J. Juno, A. Hakim, L. Yi, T. Fulop, Low Mach-
number collisionless electrostatic shocks and associated ion acceleration, PPCF (2018)

« V. Skoutnev, A. Hakim, J. Juno, J. M. TenBarge, Temperature Dependent Saturation of
Weibel Type Instabilities in Counter-Streaming Plasmas, ApJL in press

* A. Sundstrom, J. Juno, J. M. TenBarge, and |. Pusztai. Effect of a weak ion collisionality
on the dynamics of kinetic electrostatic shocks, JPP (2019)

* J.Juno and A. Hakim, Generating a Quadrature and Matrix-free Discontinuous Galerkin
algorithm for (plasma) kinetic equations, In preparation.

« A. Hakim, M. Francisquez, J. Juno, G. W. Hammett, Conservative Discontinuous
Galerkin Schemes for Nonlinear Fokker-Planck Collision Operators, In preparation

*https://gkyl.readthedocs.io/



The Discontinuous Galerkin Finite Element Method

We choose to use the discontinuous Galerkin framework to discretize the full phase
space of the Vlasov-Maxwell system because it combines aspects of
-Finite elements: high order accuracy and ability to handle complicated
geometries

-Finite volume: locality of data and stability enforcing limiters
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The Discrete Vlasov Equation

* What does the discontinuous Galerkin discretization of the Vlasov equation look like?

0fs
ot

e Consider a phase space mesh 7 withcells K; € 7,5 =1,...,\.

+ V- (st) +V, - <sts) =0

* Then the problem formulation is, find f» €V}, such that for all K, € 7,

/w%dz+7{ w_n-]?‘dS—/ V.w-apfrdz =20
Kk, Ot oK, K

J

NP
fu(z,t) = Fu(thwa(z) VP ={v:v|g, € PP VK; € T},

Upwind fluxes are used for the streaming term and a relaxed global Lax-Friedrichs flux is used for the acceleration

n B = o (e (4 ) (1)

where 7 = max (iEh + iV X Bh)
T \m m

note that the phase space flux is continuous at corresponding surface interfaces



The Discrete Vlasov Equation

* What does the discontinuous Galerkin discretization of the Vlasov equation look like?

0fs
ot

e Consider a phase space mesh 7 withcells K; € 7,5 =1,...,\.

+ V- (st) +V, - <sts) =0

* Then the problem formulation is, find f» €V}, such that for all K, € 7,

/w%dz+7{ w_n-]?‘dS—/ V.w-apfrdz =20
Kk, Ot oK, K

J

NP
fu(z,t) = Fu(thwa(z) VP ={v:v|g, € PP VK; € T},

Conserves
Number density
Energy
L2 norm of the distribution decays monotonically

Cost Mitigation
Lua-JIT & C++
Computer algebra pre-generated kernels
MPI + MPI-3 shared memory
Reduced basis sets




Serendipity Finite Elements [Arnold & Awanou (2011)]

- We use the Serendipity finite element basis set to mitigate the curse of
dimensionality cost but retain the same formal convergence order

- Monomials with super-linear degree greater than p are dropped

« Considerd =3, p = 2:
Retain z2yz
Drop z2y?z




Collision Operator in Gkey!l

% +V- (vfs) +Vy - (asfs) — (_f)

ot 0
0f, 1 8
Full Fokker-Planck form (a];) = ClUfI = =5 (Bu), £+ 5 5 o, ((Avidw;), £

<A'Ui>s — _Vss(vi — us,i) — Z Vsr(vi — usr,i)

r£s

2 2
(AViAV)g = 20,05 B+ Y 2V, 0

r+s

Lenard-Bernstein (Dougherty)



Collision Operator in Gkey!l

of, _(0fs
ot +V'('Ufs)+va’(asfs)—(at )C
0fs i

0 1
Full Fokker-Planck form ( P ) = Cl = =g, (v 1)+ 5 5 ((Aviav;) £:)

<Avi>s — _Vss(Ui — us,i) — Z Vsr(vi — usr,i)

r£s

Lenard-Bernstein (Dougherty)
(AVidvj)s = 2v,07, 63 + ) 207, 6
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Conserves > 0 8'13
» Number density _s 0.05
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» Discrete H-Theorem 02| 0.25-
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Magnetic Pumping [Lichko et al ApJL (2017)]
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Vlasov-Poisson [Howes, Klein, & Li (2017)]

Ofs  Ofs _ 4s 090/

ot U@x_msﬁat(%:o

Separation useful in some

s\ Uy ) = Js 0fs T
fo(@,v:8) = foo(v) +0fs(@:0:8) o coe but not necessary

0o fs 00 fs s 00 0fs s 00 00 fs
Js f+q ¢fo+q ¢ 0of

ot ! ox ms Oxr Ov mg Oxr Ov

Multiply by mv2/2 and integrate to obtain the energy equation

oW, _ L[ 06f | g 960fw | g4 9905/,
ot _/dx/dUstv [ ! ox +m3(9x ov +m38x ov

oW, 1 L0,
Y —/dx/dv 2msv 5



Vlasov-Poisson [Howes, Klein, & Li (2017)]

Ofs  Ofs _ 4s 090/

ot U@x_msﬁat(%:o

f8<37 v t) st( )—|—5f3(:13,v,t)

0o fs 00 fs s 00 0fs s 00 00 fs
Js f+q ¢fo+q ¢ 0of

ot ! ox ms Oxr Ov mg Oxr Ov

o, / . / PRI [_ 90fs | a: 99 9fw | as 96 51,

mg Or Ov mg Oxr Ov

oW, 1 5 Ofs
Y —/daz/dv ZmSv 5

In terms of fluid moments

1P Q



Vlasov-Poisson [Howes, Klein, & Li (2017)]

Ofs  Ofs _ 4s 090/

ot U@x_msﬁat(%:o

f8<xvvvt) — st(U) -+ 5f3(513,?},t)

ot ! ox ms Oxr Ov mg Oxr Ov

da:/dv mev? O s 8gb85f
T NOv m ox (%
oW v? 90 fs(x,v,t)
W = —/daz/dv ds 9 I E(;U,t) —/dx/dv qSU(SfS(:C,U,t)E(:L‘,t)

0o fs 00 fs s 00 0fs s 00 00 fs
Js f+q ¢fo+q ¢ 0of

_—/d.ﬁ%/d?} qsvéfszfd:vjsE
ox



Vlasov-Poisson [Howes, Klein, & Li (2017)]

aWS o fU2 85f3(33,v7t) o
ot — _/d$/dv ds 9 9 E(x,t) —/dﬂ?/d?} QSvéfs(x,U,t)E<iU,t)

2
The field particle correlation: Ci(v.t,7) = C- (—qsv2 aéfs(gg’v’w,E(xo,t))

Alternative for cases in

which df/dV IS d|ff|CU|t to 02(U7t77_) = C; (qsv&fS(ith U,t), E(Q?O,t))
compute
. 1 E 0206f,(v) Note that f or &f can be
In discrete form C1(v,ti,7) = + ; Gs — 5 E; Jsed

tj = t(]At) T = NAt



Vlasov-Poisson [Howes, Klein, & Li (2017)]

= —/d$/d?} QSU; a5fs<aa;7v’t>E(xat) :/dx/dv qsvo fs(z,v,¢)E(z, 1)

2
The field particle correlation: Ci(v.t,7) = C- (—qsv2 a5f8(gg’v’t>,E(xo,t))

Alternative for cases in

which df/dv is difficult to Ca(v,t,7) = Cr (gsvd fs(z0,v,t), E(x0,1))
compute
1+ N
In discrete form Cy (v, 1, 7) = quv (‘951"8; >Eg Note that f or &f can be

used
= t(jAL) T = NAt,

Other quantities that will appear:

= [0 (dw/ot")dt’



Field-Particle Correlations Parallel and Perpendicular

In three dimensions, the field-particle correlation can be split into parallel and perpendicular
portions. The interpretation of the correlation is simplest in gyrotropic space.

2 2
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af(v) v 9f(v)
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Gyrotropic (v),v.) velocity-space signatures: AstroGK turbulence simula-
tion for (a) Landau damping using Cg, and (b) transit-time damping using
Csp,; HVM turbulence simulation for (c) cyclotron damping using Cg, ; theo-
retical prediction for (d) stochastic ion heating using C'g | ; AstroGK strong-guide
field reconnection simulation for (e) ion and (f) electron energization using C, .



MMS FPC [Chen et al Nature Comm (2019)]
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Transverse Shock Simulation Setup
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Transverse Shock Evolution
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Transverse Shock Evolution
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Transverse Shock Evolution, Electrons
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Transverse Shock Non-Adiabatic Evolution, Electrons
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Transverse Shock Non-Adiabatic Evolution, Electr
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Transverse Shock Non-Adiabatic Evolution, Electrons
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Transverse Shock Evolution, lons
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Transverse Shock Non-Adiabatic Evolution, lons
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Transverse Shock Non-Adiabatic Evolution, 1o
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Transverse Shock Non-Adiabatic Evolution, lons
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Transverse Shock Non-Adiabatic Evolution, lons
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Conclusions

e Using the continuum Vlasov-Maxwell simulation portion of Gkeyll, we have successfully
performed fully kinetic simulations of collisional magnetic pumping and a 1x-2yv,
collisionless transverse shock.

* The location and source of electron entropy production and heating in the transverse shock
has been identified.

* We have employed the field-particle correlation analysis technique to identify the phase
space structure of the energy transfer between the fields and particles.

* In most cases, the dominant source of particle energization seen with the field-particle
correlation technique is cyclotron-like dissipation, which is most intense at the shock
crossing.



